Previously expressed inducible genes can remain poised for faster reactivation for 31 multiple cell divisions, a conserved phenomenon called epigenetic transcriptional 32 memory. The GAL genes in Saccharomyces cerevisiae show faster reactivation for up 33 to seven generations after being repressed. During memory, previously produced Gal1 34 protein enhances the rate of reactivation of GAL1, GAL10, GAL2 and GAL7. These 35 genes also interact with the nuclear pore complex (NPC) and localize to the nuclear 36 periphery both when active and during memory. Peripheral localization of GAL1 during 37 memory requires the Gal1 protein, a memory-specific cis-acting element in the promoter 38 and the NPC protein Nup100. However, unlike other examples of transcriptional 39 memory, the interaction with NPC is not required for faster GAL gene reactivation. poising the gene for faster reactivation. This mechanism allows cells to integrate a 47 previous experience (growth in galactose, reflected by Gal1 levels) with current 48
previous experience (growth in galactose, reflected by Gal1 levels) with current 48 conditions (growth in glucose, potentially through Tup1 function) to overcome 49 repression and to poise critical GAL genes for future reactivation. 50
INTRODUCTION 51
Transient stimuli can lead to changes in gene expression that are inherited for 52 several cell divisions and play an important role in development and adaptation to 53 environment (KOORNNEEF 1994; LEE et al. 1994; LIVINGSTONE et al. 1995 
RESULTS

232
Gal1 promotes targeting of GAL genes to the nuclear periphery during 233 transcriptional memory 234
The Gal1 protein is necessary for faster reactivation of GAL genes during memory and 235 ectopically expressed Gal1 is sufficient to promote faster GAL gene expression 236 (ZACHARIOUDAKIS et al. 2007; KUNDU and PETERSON 2010) . Following 12h of repression 237 in glucose, the rate of reactivation of GAL2 was much faster than the initial activation 238 and this effect is lost in cells lacking Gal1 ( Figure 1A ). Furthermore, ectopic expression 239 of Gal1 (ADH1 promoter driving Gal1, P ADH -GAL1, integrated at the TRP1 locus) leads 240 to faster activation of GAL7 mRNA ( Figure 1B ) or Gal1-mCherry protein ( Figure 1C) . 241
Cells ectopically expressing mutant Gal1 lacking galactokinase activity (deletion of 242 amino acids 171 & 172; gal1-∆SA; PLATT et al. 2000 ) also showed faster activation of 243 Gal1-mCherry ( Figure 1C ). Thus, GAL1 is necessary and sufficient to enhance the rate 244 of GAL gene induction, suggesting that the production of Gal1 during activating 245 conditions produces a trans-acting, cytoplasmically inherited factor that enhances 246 reactivation rates (ZACHARIOUDAKIS et al. 2007; KUNDU and PETERSON 2010) . 247
To assess the effect of Gal1 on GAL gene positioning at the nuclear periphery 248 during memory, GAL1 and GAL2 were tagged using an array of 128 Lac-repressor 
two tailed t test). 266
In the gal1∆ strain, the GAL2 locus was targeted to the nuclear periphery under 267 activating conditions, but not during memory ( Figure 1E ). Furthermore, P ADH -GAL1 268 caused both GAL1 and GAL2 to reposition to the nuclear periphery under repressing 269 conditions ( Figure 1E ). Thus, Gal1 protein plays a critical role in controlling peripheral 270 localization of GAL genes during memory. 271 GAL1 remained localized at the nuclear periphery for up to ~14h, or ~7.6 cell 272 divisions, before returning to the nucleoplasm ( Figure 1F ). To approximate the 273 concentration of Gal1 protein that is sufficient to promote peripheral localization, we 274 quantified the steady-state amount of Gal1-GFP under activating conditions, as well as 275 its rate of decay after repression. Using a standard curve of fluorescence intensity for 276 twenty GFP-tagged proteins of known abundance (NEWMAN et al. 2006) , we estimated 277 the abundance of Gal1 protein to be ~ 28,000 molecules per cell in cells grown 278 overnight in galactose ( Figure 1G ). GFP fluorescence was measured over time after 279 shifting the Gal1-GFP strain from galactose to glucose to measure the rate of Gal1 280 decay after repression ( Figure 1H ). The t 1/2 of Gal1-GFP fluorescence was ~130min, 281 somewhat longer than the cell division time in this experiment (~90min). Because 282 budding yeast cells divide asymmetrically, producing smaller daughters than mothers, 283 this suggests that the rate of Gal1 decay reflects dilution by cell growth without any 284 appreciable degradation. This may explain how GAL gene memory persists for so 285 many generations. From these estimates, we calculate ~300 Gal1 molecules per cell 286 are sufficient to promote peripheral localization ( Figure 1F ) and faster reactivation of 287 GAL genes ( Figure S1 ) after 14h of repression. This concentration is comparable to 288 that of Gal80 under these conditions (~800 molecules per cell; GHAEMMAGHAMI et al. 289
2003; HUH et al. 2003). 290
Peripheral localization of GAL genes during memory was observed using IF in 291 which the ER/nuclear envelope was marked with the membrane protein Sec63-myc. Localization of INO1 to the nuclear periphery during memory requires a specific 304 cis-acting element (the Memory Recruitment Sequence) and the nuclear pore protein 305 Nup100, neither of which are required for localization of active INO1 to the nuclear 306 periphery. This element functions as a DNA zip code that is sufficient to reposition an 307 ectopic locus to the nuclear periphery . We asked if targeting of 308 GAL1 to the nuclear periphery during memory also requires a specific cis-acting DNA 309 zip code or Nup100. To identify DNA zip codes, we exploited the URA3 locus, which 310 normally localizes in the nucleoplasm (Figure 2A) . Insertion of the full-length GAL1 311 promoter at URA3 (URA3:P GAL1 ) causes URA3 to localize at the nuclear periphery 312 under both activating ) and memory ( Figure 2A ) conditions, 313 supporting the hypothesis that this promoter possesses DNA zip code activity. Using 314 this assay, we mapped a 63 bp Memory Recruitment Sequence (MRS GAL1 ; Figure S2A ). 315
The MRS GAL1 did not overlap with two other zip codes in the GAL1 promoter (GRS4 and 316 GRS5; BRICKNER et al. 2016 ) that mediate peripheral localization of active GAL1 (Figure  317 S2A). Inserting the MRS GAL1 alone at URA3 led to peripheral localization specifically 318 during memory (Figure 2A ). Furthermore, mutations in this element ( Figure S2B ) 319 disrupted targeting to the periphery of URA3:MRS GAL1 , URA3:P GAL1 and the 320 endogenous GAL1 locus during memory (Figure 2A) . Thus, the MRS GAL1 is necessary 321 and sufficient to control targeting to the nuclear periphery during GAL memory. 322
Loss of Nup100 also specifically disrupted GAL1 peripheral localization during 323 memory, but had no effect on GAL1 peripheral localization during activating conditions 324 (Figure 2A) . Likewise, targeting of URA3:MRS GAL1 to the nuclear periphery during 325 memory required Nup100 (Figure 2A ). Chromatin Immunoprecipitation (ChIP) against 326 nuclear pore proteins Nup2 and Nup100 showed that, while Nup2 interacted with the 327 GAL1 promoter under both activating and memory conditions, Nup100 interacted with 328 the GAL1 promoter only during memory ( Figure S3A Unlike GAL1 in cells shifted from galactose to glucose, which remained at the 361 periphery (D 14h, Figure 2D ), GAL1 in cells shifted from galactose to raffinose for either 362 4h or 14h localized in the nucleoplasm (R, Figure 2D ). This was not due to lower Gal1 363 protein levels in cells shifted to raffinose; 4h after shifting from galactose to raffinose, 364
Gal1-mCherry levels were slightly higher than in cells shifted from galactose to glucose 365 for 4h ( Figure S4 ). Furthermore, cells shifted from galactose to raffinose retain the 366 ability to target repressed GAL1 to the nuclear periphery; in cells shifted from galactose 367 to raffinose for 4h and then shifted to glucose for 10h, GAL1 relocalized to nuclear 368 19 periphery (R 4h à D 10h; Figure 2D ). Therefore, Gal1 and glucose together promote 369 targeting of GAL genes to the nuclear periphery during memory. 370
The rate of activation of GAL genes is much slower in cells shifted from glucose 371 than in cells shifted from a non-repressing carbon source like raffinose (KUNDU and 372 PETERSON 2010; BIGGAR and CRABTREE 2001). Cells shifted from galactose to glucose, 373 upon returning to galactose, induce GAL1 more rapidly than cells that have not 374 previously grown in galactose. We hypothesized that memory is only evident in glucose 375
because it only provides an adaptive advantage in cells growing in glucose. If so, then 376 cells shifted from galactose to raffinose would, upon returning to galactose, induce 377 GAL1 with similar kinetics as naïve cells. We tested this idea by quantifying the effect 378 of previous growth in galactose on the rate of induction of Gal1-mCherry when cells 379 were shifted either from raffinose to galactose or from glucose to galactose (Figure 3) . 380
In cells shifted from raffinose to galactose, the rates of activation (raff à gal) and 381 reactivation (gal à raff, 7 divisions à gal) were similar ( Figure 3A) . In contrast, in cells 382
shifted from glucose to galactose, the rate of activation (glu à gal) was significantly 383 slower than the rate of reactivation (gal à glu, 7 divisions à gal; Figure 3B ). The 384 difference between these two repressive sugars was also evident from the 385 reactivation:activation ratio of Gal1-mCherry during induction ( Figure 3C ). This ratio 386 was maximal (~11) in cells shifted from glucose back to galactose for 4h, illustrating the 387 much greater impact of memory in cells grown in glucose. 388
In glucose, the Mig1 repressor and the co-repressors Tup1 and Cyc8 bind to the 389 GAL gene promoters to repress transcription (SANTANGELO 2006; BROACH 2012) . 390
Therefore, we asked if these factors played a role in GAL1 localization during 391 20 transcriptional memory by scoring GAL1 localization in mig1D and tup1D cells. The 392 cyc8D mutant showed severe growth defect, so it was not included in this analysis. 393
While loss of Mig1 had no effect on GAL1 localization, loss of Tup1 led to a specific 394 defect in the targeting of GAL1 to the nuclear periphery during memory and disrupted 395 peripheral localization of URA3:MRS GAL1 ( Figure 3D ). Thus, Tup1 is required for 396 MRS GAL1 -mediated peripheral localization of GAL1 during memory. ( Figure 4D ). However, loss of Tup1 specifically blocked RNAPII binding to the GAL1 414 21 promoter during memory ( Figure 4A ). This suggests that long-term GAL1 memory, 415 leads to binding of poised RNAPII to the promoter. 416
We next assessed the effects of Tup1 on GAL1 activation and reactivation using 417 reverse transcriptase quantitative PCR to measure mRNA levels ( Figure 4B ). In the 418 wild-type strain, the rate of reactivation of GAL1 was much faster than the rate of initial 419 activation ( Figure 4B , green vs red). Consistent with a role in glucose repression, the 420 rate of GAL1 activation was slightly faster in absence of Tup1 ( Figure 4B, cyan) . 421
However, following 12h of repression, the rate GAL1 reactivation was significantly 422 slower in the tup1∆ strain ( Figure 4B , orange) and the rates of GAL1 activation and 423 reactivation were quite similar. This was not true under conditions of short-term GAL1 424 memory; after 1h of repression in glucose, tup1∆ cells showed very rapid reactivation 425 that was faster than the wild type cells ( Figure S5 ). During osmotic stress, the Hog1 426 kinase converts the Tup1-Cyc8-Sko1 repressor complex into an activator (REP et al. 427
2001; PROFT and STRUHL 2002). However, loss of Sko1 had no effect on GAL memory 428 ( Figure S6 ). Thus, Tup1 plays a role in both glucose repression and in long-term GAL 429 gene memory. 430
To establish the order of function of Tup1 and Gal1 in GAL1 memory, we asked if 431 loss of Tup1 is epistatic to ectopic expression of Gal1. Gal1-mCherry protein levels 432
were measured using flow-cytometry in wild type and tup1∆ cells in the presence and 433 absence of P ADH -GAL1 ( Figure 4C ). In wild-type cells, P ADH -GAL1 led to a dramatic 434 increase in the rate of activation of GAL1-mCherry ( Figure 4C , green vs red). As 435 observed with mRNA quantification, activation of GAL1-mCherry was slightly faster in 436 the tup1D strain ( Figure 4C , cyan vs red). However, loss of Tup1 blocked the effect of 437 H2A.Z using assays that are specific to memory: GAL1 localization to the nuclear 450 periphery and RNAPII binding after repression. Loss of H2A.Z disrupted both GAL1 451 localization to the nuclear periphery ( Figure 5C ) and binding of poised RNAPII to the 452 promoter during memory ( Figure 5D ), but did not affect GAL1 localization to the nuclear 453 periphery or RNAPII recruitment under activating conditions. Furthermore, loss of 454 H2A.Z blocked the effect of ectopic expression of GAL1 on the rate of induction of GAL7 455 The increased H2A.Z incorporation and the dimethylation of H3K4me2 over the 474 GAL1-10 promoter associated with memory or ectopic expression of Gal1 was lost in 475 strains lacking Tup1 (Figure 6 ). This effect was specific; loss of Tup1 had no effect on 476 the H2A.Z incorporation into the BUD3 promoter. Thus, Tup1 functions downstream of 477
Gal1 to promote the changes in chromatin structure or modification associated with 478 memory. 479
DISCUSSION 480
The yeast GAL genes localize to the nuclear periphery and physically interact with 481 the NPC during both activation and memory (BRICKNER et al. 2007 ). During activation, 482 peripheral localization of GAL1 requires the GRS4 and GRS5 DNA zip codes and is 483 necessary for full expression ). We find that a different DNA zip 484 code, the MRS GAL1 , controls the persistent localization to the nuclear periphery during 485 GAL1 memory. Targeting to the nuclear periphery is downstream of Gal1 protein; loss 486 of Gal1 disrupts peripheral retention during memory and ectopic expression of Gal1 487 leads to MRS GAL1 zip code dependent targeting of GAL1 to the nuclear periphery even 488 under repressing conditions. However, the association of GAL genes with the NPC is 489 not necessary for faster reactivation, suggesting that it is a product, rather than a driver, 490 of memory. Because localization to the nuclear periphery during memory required 491 growth in glucose, this led us to uncover a critical role for the Tup1 transcription factor in 492 GAL memory. Tup1 contributes to repression of GAL genes in the presence of glucose. 493
However, during transcriptional memory, Tup1 functions downstream of Gal1 to 494 promote changes in chromatin structure and binding of RNAPII to the GAL1 promoter. 495
Among yeast genes that exhibit transcriptional memory, the GAL genes show the 496 strongest increase in reactivation kinetics and the longest duration (~ 8 generations). 497
The GAL genes remain associated with the nuclear periphery during this period. 498
Although faster reactivation of GAL1 does not require peripheral localization, peripheral 499 localization requires all of the factors that are required for faster reactivation (Gal1, Tup1 500 and H2A.Z). Thus, the NPC association reflects the memory state and serves as a 501 useful assay for this phenomenon. It is possible that under conditions distinct from 502 25 those we have tested, interaction with the NPC contributes to the rate of GAL gene 503 reactivation. Alternatively, interaction with the NPC might impact events that we have 504 not assessed. Finally, interaction with the NPC may be functionally redundant with 505 another pathway that promotes GAL gene reactivation, both of which are downstream of 506
Gal1. 507
Exploring the conditions under which the MRS GAL1 leads to peripheral localization 508 Because only a few hundred Gal1 molecules are sufficient to induce GAL 544 transcriptional memory, memory persists through ≥ 7 cell divisions, providing a very 545 long adaptive benefit to previous growth in galactose. However, memory is most 546 adaptive when cells are switched from glucose and glucose is required for features of 547 memory. Although we do not yet understand how growth in glucose impinges upon 548
27
GAL memory, it is plausible that Tup1 function requires the presence of glucose. 549
Because Gal1 requires Tup1 to mediate memory, these two factors may function to 550 integrate prior growth in galactose with current growth in glucose to regulate memory. 551
Such a mechanism would allow cells to induce memory only when it would be most 552
beneficial. 553 554
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